Background: Discrepancy between a patient's subjective thermal symptoms and objective measured temperature value is common in complex regional pain syndrome (CRPS) in clinical settings. For that reason, the diagnostic validity of a single temperature measurement method has been criticised. Several studies showed that the perfusion index (PI), which is derived from pulse oximetry, is a more sensitive and earlier indicator of sympathetic blockade than temperature measurement. Methods: Forty-six participants (CRPS group, n¼23; healthy control group, n¼23) were enrolled. CRPS patients with subjective sensation of coldness on the affected side were chosen for this study. Temperature and PI were measured at the affected and contralateral hands in the CRPS group, and right and left hands in the healthy control group. To evaluate
Editor's key points
Correct complex regional pain syndrome diagnosis is important, although there is no specific test. Vasomotor changes with temperature asymmetry are common, but a single temperature measurement does not correlate well with patient reported symptoms of thermal abnormalities. Perfusion index, but not temperature, differences between upper limbs were greater in CRPS than in health subjects. Perfusion index might be a useful diagnostic tool as a sensitive indicator of thermal abnormalities.
Complex regional pain syndrome (CRPS) is characterised by persistent pain that is not proportional to the degree of initial injury and other symptoms including sudo-or vasomotor disturbance, motor dysfunction, and trophic changes. Mechanisms including decreased vasodilatory nitric oxide and elevated vasoconstrictive endothelin-1 concentration have been reported in CRPS. 1, 2 Up-regulation of adrenergic receptors has been described. 3 Under such circumstances, vasoconstriction may occur through sympathetic stimulation of normal activity. These forms of endothelial dysfunction and alterations in sympathetic function could contribute to the development of vasomotor disturbance, including skin colour changes and temperature changes of affected tissues, which is one of the major clinical features of CRPS. 4 Subjective abnormal thermal sensations in the affected limb are a very common phenomenon in CRPS, and temperature asymmetry between the affected and contralateral sides is an important diagnostic criterion for CRPS diagnosis.
3e5 A !1.0 C temperature difference was considered the discriminative value in a previous study. 5 However, CRPS patients often do not exhibit significant measured temperature differences (DT) between the affected and normal sides, although these patients complain of abnormal thermal sensations on the affected side. This discrepancy between patient subjective vasomotor disturbance, such as abnormal thermal sensations and objective measured temperature, is commonly observed in clinical settings. 6, 7 These findings cast doubt on the diagnostic utility of a single temperature measurement method. The perfusion index (PI) is derived from the photoplethysmographic signal on pulse oximetry. The PI is calculated as the ratio (%) between the amplitude of the pulsatile signal and the non-pulsatile baseline signal, ranging from 0.02 to 20%. It is proportional to the degree of perfusion flow and can reflect the circulation status of the monitoring site. 8 The PI has been described in several studies as a more sensitive and earlier indicator of the sympatholytic effect after epidural block or sympathectomy compared with temperature. 9e12 However, previous PI studies focused on responses after procedures. PI has not been used previously for diagnostic purposes. This study was conducted to compare agreement between PI and temperature measurement methods and patients' subjective abnormal thermal sensations. For this purpose, we investigated whether PI differences (DPI) were a more reliable parameter for reflection of vasomotor disturbance compared with DT between affected and contralateral sides in CRPS patients presenting with subjective sensation of coldness in the affected limb.
Methods
Two measurement methods (PI and temperature) were compared to determine which parameter was more representative of the patient's subjective symptoms. Permission to conduct this study was given by the Institutional Ethics Committee of the Daejeon St. Mary's Hospital in Daejeon, Republic of Korea (DC15OISI0102). This study was registered in the Clinical Trial Registry of Korea (trial registration number KCT0002949).
Participants
Participants were recruited from patients with CRPS visiting Daejeon St. Mary's Hospital Pain Centre. Written informed consent was obtained from each study participant. The overall symptoms of the CRPS participants in this study were heterogeneous, except with regard to subjective abnormal thermal sensation. However, all diagnoses met the Budapest research criteria for CRPS recommended by the International Association for the Study of Pain. 13 As the majority of CRPS patients in our pain centre perceive the affected limb as cold, for recruitment convenience, this study was confined to CRPS patients who reported a subjective sensation of coldness in the affected limb. We recruited healthy volunteers in order to obtain the appropriate cut-off value for DPI. Healthy volunteers were not recruited from the study team, or anyone involved with the study. To avoid bias created by measuring at different sites, we standardised the measurement site as the hands for both CRPS and healthy control groups. Therefore, upper extremity CRPS patients who perceived the affected limbs as cold were recruited.
In a previous study on diagnostic efficacy, the area under the receiver operating characteristic (ROC) curve (AUC) of DT was 0.52. 14 We anticipated an approximate effect size of AUC for DPI to be 0.3. This analysis required 19 patients in each group, with a power of 0.9 with alpha error of 0.05. Anticipating a possible 20% drop-out rate, we recruited 23 people for each group. Exclusion criteria were age <19 yr, patients without subjective sensation of coldness, and conditions that influenced peripheral circulation, such as severe cardiovascular disease or anticoagulant use. We also confirmed that, as in the CRPS patient group, there were no conditions in the healthy control group that could produce systemic differences in the two hands, such as cardiovascular disease or anticoagulant medication.
Measurements
Temperature and PI were recorded after bed rest for 10 min in a room with an ambient 24e26 C temperature. All jewellery or other measurement site confounders were removed before measurement. The measurements were performed for a period of 5 min and recorded after confirming that the measured values were stable. All measurements were recorded by doctors not related to the study.
PI measurement
Pulse oximetry sensors (Patient monitor VM 8; Phillips Inc.) were applied to the third finger tips of both hands in both groups.
Temperature measurement
Temperature was measured by a touch thermometer (Patient monitor VM 8; Phillips Inc., Amsterdam, Netherlands) at the volar aspect of index finger tips of both hands in both groups.
Side differences determination
DT and DPI between affected and contralateral sides in the CRPS group were obtained with the following formulae and expressed as an actual value.
DT¼temperature of contralateral sideetemperature of affected side DPI¼PI of contralateral sideePI of affected side DT and DPI in the healthy control group were also calculated by differences between right and left hands and expressed as an absolute value.
Positive values of DT and DPI indicated that the temperature or PI of the affected side was lower than that of the contralateral side, suggesting that the measured parameters corresponded to the patient's subjective sensations of coldness. Negative values of DT and DPI indicated that these parameters did not correspond with the patient's subjective sensations of coldness.
Statistical analysis
ROC curve analysis was used to assess the accuracy of reflection of subjective abnormal thermal sensations between the two measurement methods (DPI and DT) and to determine the appropriate discriminative value of DPI. AUC represents diagnostic method accuracy; accuracy is classified according to AUC size: excellent (area¼0.9e1), good (area¼0.8e0.9), fair (area¼0.7e0.8), poor (area¼0.6e0.7), and fail (area¼0.5e0.6). 15, 16 McNemar's test was used to compare the degree of correlation with cold sensations of CRPS between the two measurement methods with the obtained DPI cut-off value from ROC curve analysis and previously described discriminative criteria of DT (!1 C). The association between PI and temperature asymmetry within each group was analysed using Pearson's coefficient of correlation.
Data are presented as mean (standard deviation) for continuous variables. Data normality was evaluated using the KolmogoroveSmirnov test. Continuous variables were compared using the ManneWhitney U test or independent ttest. All data were analysed using SPSS version 18.0 (SPSS Inc., Chicago, IL, USA). MedCalc version 16.2.1 (MedCalc Software bvba., Ostend, Belgium) was used to compare ROC curves from the two measurement methods. A P-value <0.05 was considered statistically significant.
Results

Twenty-three CRPS
Patient characteristic data were not different between CRPS patients and healthy controls (Table 1) . There was no significant difference in temperature and PI between the two hands of participants in the healthy control group. In the CRPS patient group, temperature did not show a significant difference between affected and contralateral sides [affected side: 32.083 (2.569) C; contralateral side: 32.817 (2.109) C, P¼0.295]. On the contrary, PI was significantly lower in the affected side than in the contralateral side affected side: 3.648 (2.880)%; contralateral side: 5.632 (3.155)%, P¼0.033).
The DPI values in the CRPS group and the healthy control group were 1.860 (2.237)% and 0.230 (0.272)%, respectively. DPI was significantly larger in CRPS patients than healthy controls (P¼0.002). In contrast, DT was not significantly different between the CRPS and healthy groups [CRPS group: 0.735 (1.532) C; healthy control group: 0.287 (0.174) C, P¼0.171] ( Table 2 ).
There was no significant correlation between DPI and DT within each group (CRPS group: r¼À0.215, P¼0.325; healthy control group: r¼À0.126, P¼0.568).
All CRPS patients reported cold sensations in the affected limb; 65.2% exhibited a lower temperature in the affected side compared with the contralateral side. In contrast, 95.7% of patients showed lower PI in the affected side compared with the contralateral side. This difference was statistically significant (P¼0.009).
With respect to the degree to which each method corresponded with subjective abnormal thermal sensations, DT did not correspond with patients' subjective sensations of coldness (AUC: 0.565, 95% confidence interval: 0.411e0.711, P¼0.504). In contrast, DPI corresponded well with patients' subjective sensations of coldness (AUC: 0.873, 95% confidence interval: 0.742e0.953, P<0.0001) (Fig 1) . The AUC of DPI was significantly higher than the AUC of DT (0.873 vs 0.565, P¼0.016) (Fig 1) . An appropriate cut-off value for DPI was calculated as 0.50%. With DPI!0.50% and DT!1 C criteria, sensitivity and specificity of DPI were 78.26% and 86.96%, respectively, while sensitivity and specificity of DT were 34.78% and 100%, respectively. This difference between the two measurement methods was statistically significant (P¼0.009) ( Table 3 ). There were no cases of pain aggravation attributable to the measurement tools in CRPS group. 
Discussion
In the present study, patient-reported subjective sensations of coldness in the affected limb were better represented by the PI measurement method compared with the temperature measurement method. DPI exhibited better sensitivity for detecting patients' subjective thermal symptoms than DT. DT greater than 1.0 C is generally regarded as a discriminative value for identifying CRPS vasomotor symptoms. 13 However, another study reported a 0.43 C temperature difference between affected and contralateral sides in CRPS patients. 17 Moreover, the sensitivity of the temperature measurement was only 34.78% with a cut-off value of 1.0 C in the present study, which is in line with a previous study. 18 As there is concern about the diagnostic efficacy of single temperature measurements, a number of alternative approaches have been proposed. Equipment such as laser Doppler flowmetry could potentailly be used to precisely evaluate peripheral circulation state. 19 However, routine use of such a device would be difficult in an outpatient setting and might result in additional patient costs. Long-term registration for detection of circadian changes in temperature 20 or measuring temperature changes created by external thermal stimulation 18 have been suggested to overcome the faults of single temperature measurement. However, at least 1-day registration might be required to fully capture circadian temperature changes. Moreover, applying external thermal stimulation might cause unnecessary pain in CRPS patients. PI is derived from the ratio of pulsatile to non-pulsatile flow and is a parameter with a very wide range (from 0.02% to 20%). Because of the homeothermic nature of the human body, the range of body temperature is narrow. Although the range of peripheral temperature may be larger than that of the core temperature, it will still be narrower than the range of PI. In previous studies, circulation changes after sympathetic block were more sensitive and detected earlier by PI than temperature. 9e12 These results indicate that PI should better correspond with changes in tissue perfusion than would temperature. An alteration in peripheral circulation is a common phenomenon in neuropathic conditions such as CRPS. 21 Although the neural dysfunction itself may cause abnormal thermal sensation of the affected area in neuropathic conditions, the state of the vascular structure is also closely related to this vasomotor disturbance. 4 Altered vascular conditions directly influence tissue perfusion. Both temperature and PI are altered by this condition. Considering the aforementioned characteristics of PI and temperature, and the results of previous studies that showed that changes in perfusion after sympathetic block were more sensitively detected by PI, we think that PI is a more recognisable and sensitive parameter to reflect underlying alteration of peripheral tissue perfusion in neuropathic conditions than is temperature. All CRPS patients who participated in this study reported a subjective sensation of coldness in the affected limb. Significantly more patients exhibited lower measured PI values on the affected side than exhibited lower temperature values on the affected side. The results of the present study support our abovementioned hypothesis.
The discriminative value of DPI that can detect thermal disturbance symptoms in CRPS has not been previously determined. In this study, the sensitivity of the PI measurement method with a 0.50% cut-off value was significantly higher than the sensitivity of the temperature measurement method with a 1.0 C criterion. Although there is no definite dividing line between acute and chronic CRPS, recent studies have suggested that 12-month symptom duration is a discriminative time point between acute and chronic CRPS. 22, 23 In the present study, the mean symptom duration was 68.30 (40.75) months. Therefore, our participants are reasonably classified as chronic CRPS patients. In the present study, only chronic CRPS patients with subjective sensation of coldness were included because of participant enrolment convenience. This is a study limitation. The fact that PI and temperature were not measured at the same site also can be a limitation of this study. However, it is practically impossible to simultaneously apply pulse oximetry and a touch thermometer at the same site. Instead, we attached the thermometer and pulse oximetry to adjacent fingers with the intention to measure at an as similar location as possible. A lack of other neuropathic conditions and a lack of lower extremities CRPS were other limitations of this study. Finally, the ambient temperature of the measurement location was somewhat broad (from 24 C to 26 C) in this study, and the potential for such variation to affect temperature or PI measurement could not be completely ruled out, which is a limitation of this study. In conclusion, the accuracy for detecting subjective abnormal thermal sensations was superior for the PI measurement method compared with the temperature measurement method. DPI was better correlated with each patient's subjective sensations of coldness than was DT. We believe that the vasomotor disturbance symptoms in CRPS might be more sensitively detected by PI, while conventional discriminative criteria such as a 1 C temperature difference might not sensitively detect actual patient symptoms. Further investigation including different CRPS types will be needed to determine whether these findings regarding PI can be generalised across a broader CRPS population.
